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Fiber reinforced polymer (FRP) pultruded materials are available in a wide variety of shapes, 5 
including bars, I-sections, C-sections and other structural sections.  Due to their high 6 
durability, low self-weight and reduced maintenance costs, these FRP materials are becoming 7 
a competitive option for replacing steel as structural materials especially in corrosive 8 
environments. This paper summarizes an experimental program on the axial and flexural 9 
behaviour of square concrete members reinforced with glass fiber reinforced polymer 10 
(GFRP) bars and embedded with pultruded GFRP structural sections under different loading 11 
conditions. Furthermore, an analytical model is presented to predict the axial load-bending 12 
moment interaction diagrams of the experimentally tested specimens. It can be concluded 13 
from this study that the analytical models provide reliable estimates of the maximum load and 14 
bending moment capacities of GFRP reinforced and GFRP encased concrete columns. In 15 
addition, a parametric study was conducted to study the effects of concrete compressive 16 
strength and longitudinal GFRP reinforcement ratio on the structural performance of GFRP 17 
reinforced square concrete columns. 18 
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1.0 Introduction 21 
The use of reinforcement with FRP composite materials have emerged as one of the 22 
alternatives to steel reinforcement for concrete structures prone to corrosion issues. Currently, 23 
design standards have been developed for FRP reinforced flexural members, including ACI 24 
440.1R – 15 [1]. On the other hand, the level of understanding of the behaviour of FRP 25 
reinforced compression members has not reached a level where design standards are available 26 
for such members. Having said this, the current ACI 440.1R – 15 [1] design guideline 27 
mentions to neglect the compressive contribution of FRP reinforcement when used as 28 
reinforcement in columns, in compression members, or as compression reinforcement in 29 
flexural members. Therefore, the acceptance of FRP by designers requires the development 30 
of design guidelines for the design of FRP bars in compression members such as columns.  In 31 
this regard, limited experimental and analytical studies have been conducted to understand 32 
the compressive behaviour and failure modes of concrete columns internally reinforced with 33 
FRP and subjected to different loading conditions as discussed herein.  34 
Kawaguchi [2] conducted an experimental study of twelve concrete specimens reinforced 35 
with aramid fiber-reinforced polymer (AFRP) bars. The specimens were tested in eccentric 36 
compression or tension. This study reported that the AFRP reinforced columns can be 37 
analysed using the same approach undertaken for concrete columns reinforced with steel 38 
bars. Choo et al. [3] reported that unlike steel reinforced columns, FRP reinforced columns 39 
interaction diagrams do not experience balance points due to the linear elastic material 40 
properties of the FRP bars until failure. Furthermore, FRP reinforced columns have a 41 
tendency to exhibit a failure point before the strength interaction reaches a pure bending 42 
condition, which is classified as brittle-tension failure due to the tensile rupture of the FRP 43 
bars. They reported that this failure occurs when low reinforcement ratios are considered. 44 
Therefore, Choo et al. [4] presented a set of equations for rectangular columns subjected to 45 
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pure bending, to calculate the minimum FRP reinforcement ratio to prevent the tensile failure 46 
of the FRP bars in the tension side. Zadeh and Nanni [5] developed interaction diagrams for 47 
GFRP reinforced columns subjected to combined flexural and axial loads by assuming the 48 
GFRP longitudinal bars are only effective in tension. Therefore, compression GFRP bars 49 
were replaced by an equivalent area of concrete. Furthermore, the authors suggested 50 
imposing a limit of 1% on the maximum design tensile strain of GFRP longitudinal bars in 51 
order to avoid exaggerated deflections. In another study,   Hadi et al. [6] tested circular 52 
concrete columns reinforced with GFRP bars and helices under concentric and eccentric 53 
loading conditions. The load carrying and bending moment capacities of the GFRP reinforced 54 
specimens were calculated analytically with the same principles used for conventional steel 55 
reinforced specimens and were compared with the experimental results.   56 
The alternative use of FRP structural profiles and tubes in concrete members presents a very 57 
interesting potential, either for rehabilitation of existing structures or for new construction 58 
due to their many advantages including low self-weight, ease of installation, low maintenance 59 
costs and corrosion resistance. However, FRP profiles generally have low in-plane moduli 60 
and wall slenderness making them particularly vulnerable to local buckling. Tomblin and 61 
Barbero [7] reported that the strength of short columns made of GFRP I-sections are 62 
governed by local buckling, while Zureick and Scott [8] concluded that the failure 63 
mechanism of long columns is by global buckling. There have been several studies aimed to 64 
examine the structural advantages of connecting GFRP pultruded profiles to concrete 65 
compression and flexural elements to make better use of the profiles [9.10].  However, the 66 
encasement of GFRP structural sections in concrete columns has only been studied by Hadi 67 
and Youssef [11]. 68 
This study is a continuation of the experimental study of Hadi and Youssef [11] in which an 69 
experimental program investigating the behaviour of GFRP reinforced and GFRP encased 70 
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concrete columns and beams was presented. Parameters investigated included the magnitude 71 
of load eccentricity and type of internal reinforcement with steel reinforced, GFRP 72 
reinforced, GFRP I-section encased and GFRP C-sections encased concrete specimens tested 73 
under compressive and flexural loading. This paper presents an analytical model to predict 74 
the load-interaction diagrams of GFRP reinforced and GFRP encased square concrete 75 
specimens and attempts to theoretically validate the experimental results of Hadi and Youssef 76 
[11]. 77 
2.0 Experimental Program 78 
2.1. Design of Specimens 79 
The experimental component of this study involved testing four groups of four square 80 
reinforced concrete columns under concentric as well as combined axial and flexural loading. 81 
The first group of specimens were reinforced with steel bars (Group RS) and the second 82 
group of specimens were reinforced with GFRP bars (Group RF). The first two groups of 83 
specimens were designed to have similar longitudinal and transverse reinforcement ratios. 84 
The longitudinal reinforcement ratio of the Group RS and Group RF specimens were 1.03 85 
and 1.15%, respectively. The third (Group I) and fourth group (Group C) of specimens were 86 
encased with a pultruded GFRP I-section and C-sections, respectively. Each specimen had a 87 
square cross section with a side dimension of 210 mm and a height of 800 mm. The 88 
reinforcement details of all the groups of specimens are shown in Figure 1.   Each group 89 
consisted of four specimens; one specimen was tested concentrically, one tested under 25 mm 90 
eccentricity, one tested under 50 mm eccentricity and the last specimen was tested as a beam 91 
under four point loading test. The specimens are identified by the type of internal 92 
reinforcement and magnitude of load eccentricity. For example, Specimen RS-25 is 93 
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reinforced with steel bars and is eccentrically loaded at 25 mm from the centreline. The letter 94 
“B” denotes a beam specimen tested under flexural loading. 95 
A detailed discussion of the design, preparation, testing and instrumentation of the specimens 96 
is discussed in Hadi and Youssef [11].  97 
 2.2 Preliminary Testing 98 
In this study, all the concrete specimens were cast on the same day. The average compressive 99 
strength of the concrete () at 28 days was determined to be 29.3 MPa. Furthermore, the 100 
average compressive strength of concrete at the first day and last day of testing the specimens 101 
was 31 MPa and 35.3 MPa, respectively. The compressive strengths were obtained by testing 102 
cylinders having a diameter of 100 mm and height of 200 mm, with five cylinders tested for 103 
each the 28 day and last day of testing and three cylinders tested on the first day of testing to 104 
obtain an average value for each day of testing.  105 
Deformed steel N12 bars were used as longitudinal reinforcement in Group RS specimens. 106 
Five samples were tested in accordance with AS 1391- 2007 [12] to determine the tensile 107 
properties of the reinforcing steel bars. The average yield stress (), yield strain () and 108 
modulus of elasticity () were determined to be 540 MPa, 0.324% and 200 GPa, 109 
respectively. Sand coated No. 4 (#4) GFRP bars of 12.7 mm standard diameter were used to 110 
reinforce the Group RF specimens longitudinally. The GFRP bars were manufactured by 111 
Pultrall Inc. [13]. Five samples were tested in accordance with ASTM D7205-11 [14] to 112 
determine the tensile properties of the GFRP bars. The ultimate tensile stress, corresponding 113 
rupture strain and tensile modulus of elasticity were 1641 MPa, 2.41% and 67.9 GPa, 114 
respectively. These properties were calculated based on the bar’s standard diameter of 12.7 115 
mm which was provided by the manufacturer [13]. 116 
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GFRP pultruded I-sections and C-sections were used in the specimens of Group I and C, 117 
respectively and they were supplied by GRP Australia [15]. The tensile properties of the 118 
GFRP pultruded sections were determined based on the test method ISO 527-4-1997 [16] and 119 
are shown in Table 1. Five coupon samples from each GFRP C-section, web of the I-section 120 
and flange of the I-section were extracted in the longitudinal direction using a wet saw 121 
machine. The coupons had nominal dimensions of 300 mm long and 25 mm wide and were 122 
tested using a screw-driven material testing machine known as the 500 kN Instron 8033 123 
machine. The compressive properties of the GFRP pultruded sections were determined based 124 
on the test method of ASTM D695-15 [17], as shown in Table 1. A total of 17 coupon 125 
samples from each web of the GFRP C-section, web of the I-section and flange of the I-126 
section with nominal dimensions of 9.5 x 12.7 x 37.6 mm were extracted in the longitudinal 127 
direction using a wet saw machine from the sections. To compensate for levelling errors, 128 
either the top and bottom ends of the coupons were levelled with a mill and/or the coupons 129 
were placed on a spherical seat. The coupons were tested under compression by direct end 130 
loading using the Instron 8033 machine, as shown in Figure 2.  Nine samples from the C-131 
section and eight samples each from the web and flange of the I-section were instrumented 132 
with strain gauges to measure the elastic modulus in compression.  133 
It can be concluded from the compression testing of the GFRP sections that there was a high 134 
dispersion in the results [11]. Most notably the coefficients of variation (COV) for the 135 
longitudinal compressive strength for the I-section and C-section were 15.5 and 26.9%, 136 
respectively. This dispersion in results may be the result of different issues such as premature 137 
failures due to geometric instabilities or local end crushing, poor quality control at the 138 
manufacturing level, the intrinsic nature of the test setup or due to the non-uniform placement 139 
of the fibers throughout the cross section. It should be noted that it has been reported that the 140 
compression testing of pultruded samples is difficult due to the high longitudinal strength and 141 
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low transverse strength of the material [18]. As a result, the ends of most of the coupons 142 
failed by either crushing or brooming.  Therefore, the property measured may not be the 143 
actual compressive strength but represent the composite bearing strength [18].  In addition, 144 
from material testing it can be seen that the two shapes of GFRP sections varied in tensile and 145 
compressive properties. The web of the I-section also had slightly lower tensile and 146 
compressive strength and modulus as compared to the flange, as shown in Table 1.  147 
3.0 Experimental Results 148 
A detailed discussion of the strength, failure modes, failure locations and ductility of each 149 
group of specimens under different types of eccentric loading were analysed and addressed in 150 
Hadi and Youssef [11]. The following outlines the general behaviour and results of the tested 151 
column and beam specimens. The summary of the specimen testing results is shown in Table 152 
2. For the eccentrically loaded column specimens (25 mm and 50 mm), the bending moment 153 
capacities (Mexp) corresponding to the first maximum axial load (Pmax) was calculated by Eq. 154 
(1). It should be noted that Pmax corresponds to the first maximum load before the total onset 155 
of concrete spalling after the initial linear region of the axial load – displacement curves. 156 
When calculating the bending moments, both the application of the load at an eccentricity (e) 157 
and secondary moments arising from the lateral deflection of the column at Pmax (δ) were 158 
taken into account. For the beam specimens loaded under four-point loading, the bending 159 
moment capacity was calculated by Eq. (2). This equation was obtained from simple statics 160 
as the bending moment value between the two point loads as equalling half the maximum 161 
applied load on the beam specimens multiplied by the shear span length (a = 235 mm in this 162 
study).  163 
The effects of eccentricity on the structural behaviour of the column specimens are shown in 164 
Figure 3. For all the groups of specimens, there was a reduction in the axial load carrying 165 
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capacity with an increase in load eccentricity. Furthermore, the GFRP encased specimens 166 
failed at lower axial displacements as compared to the other specimens.  167 
	
 = 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2  (2) 
Strain gauges were also bonded on the internal longitudinal reinforcements and imbedded 168 
sections. The location of the attached strain gauges is shown in Figure 1. For each 169 
concentrically loaded specimen, two strain gauges were bonded to the longitudinal 170 
reinforcement and imbedded sections at mid-height. Similarly, for the eccentrically loaded 171 
specimens, two strain gauges were bonded on to the longitudinal bars, with one strain gauge 172 
on the compression side and one on the tension side. For the imbedded GFRP I-sections, the 173 
strain gauges were bonded in the middle of the two outside flanges at the mid-height. Only 174 
one GFRP C-section per specimen was instrumented with strain gauges which were located 175 
on the two flanges at mid-height, as shown in Figure 1. 176 
At the first maximum load the average axial strain in the bars and GFRP sections for 177 
Specimens RS-0, RF-0, I-0 and C-0 ranged between 0.35 to 0.40%. At this point the steel had 178 
reached its yield point and the axial strain for the GFRP bars in Specimen RF-0 was 14.7% of 179 
the ultimate tensile rupture strain. Similarly, for all the eccentrically loaded specimens the 180 
strains in the instrumented compression reinforcement and sections ranged between 0.35 to 181 
0.40% at the first maximum load. On the other hand, the strain in the reinforcement located in 182 
the tensile zone of the eccentrically loaded specimens varied. At maximum load, the steel bar 183 
in the tension zone was still under slight compression for Specimen RS-25, while the 184 
instrumented reinforcement and sections for Specimens RF-25, I-25 and C-25 were under 185 
slight tension with values ranging from 0.01% to 0.06%. However, the tensile reinforcement 186 
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and sections for the specimens loaded under 50 mm eccentric load were exposed to higher 187 
tensile strains at maximum load with values ranging from 0.08% to 0.19%. As mentioned 188 
above for the eccentrically loaded specimens only one strain gauge was placed on the tension 189 
and compression longitudinal bars and sections and no average could be obtained for each. 190 
4.0 Analytical Modelling 191 
4.1 Theoretical Considerations of Material Properties 192 
This section describes the stress-strain relationship of the constituent materials used in this 193 
study. These materials include the concrete, steel reinforcement and GFRP reinforcement. 194 
The relationships and the experimental material properties are used to theoretically calculate 195 
the prediction of the bending moment and corresponding load carrying capacities of the 196 
eccentrically loaded concrete specimens.  197 
4.1.1. Concrete  198 
The stress-strain model proposed by Yang et al. [19] was used to develop the compressive 199 
stress of the unconfined concrete in terms of the strains as follows: 200 
  = ( + 1)     + !  (3) 
where  is the compressive stress corresponding to the compressive strain ; 	 is the 201 
unconfined concrete strength which is equal to 85% of the compressive cylinder strength of 202 
concrete at the first day of testing;  is the strain corresponding to		; and  is a 203 
parameter that determines the slopes of the ascending and descending branches as illustrated 204 
below. It should be noted that a factor of 85% of the compressive cylinder strength of 205 
concrete is used in this study in order to take into account the size effect of the large concrete 206 
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specimens as compared to the small cylinders used to develop the stress-strain model. A 207 
factor of 90% has also been investigated in the analysis as shown below in the later sections. 208 
The parameter controls the slope of the ascending and descending branch of the stress-209 
strain relationship, with Eq. (4) is used for the ascending branch and Eq. (5) is used for the 210 
descending branch. 211 
 




 = 0.41%&(0.77))   for  >	+	
 
(5) 
 ξ = /	+ 0+.12 /3+30.2 (6) 
where fo and wo are reference values equal to 10 MPa and 2300 kg/m
3
, respectively; and wc is 212 
the concrete density assumed to be 2400 kg / m
3
 for normal-weight concrete. 213 
The modulus of elasticity () is calculated using Eq. (7) as proposed in AS3600 – 2009 [20] 214 
for concrete strengths less than 40 MPa. The unconfined concrete strain () corresponding 215 
to		is calculated using Eq. (8) as proposed by Yang et al. [19]. 216 
  =	 40.04356(3).7 (7) 
 
  = 0.0016%& 9240 /	 0: (8) 
As noted above, the average compressive strength of concrete at 28 days, the first day and 217 
last day of testing the specimens was 29.3, 31 MPa and 35.3 MPa respectively. Therefore, 218 
herein the strength of each specimen in the analytical model was calculated using the 219 
concrete compressive strength at the first day of testing of 31 MPa. 220 
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4.1.2. Steel Longitudinal Bars 221 
The stress-strain relationship of the experimentally tested N12 bars is shown in Figure 4a. For 222 
simplicity, in the analytical study the stress-strain relationship of the longitudinal steel 223 
reinforcing bars is idealised to exhibit a bilinear elasto—plastic behaviour for both tension 224 
and compression as shown in Figure 4b. In the linear elastic region, the tensile strain in the 225 
steel does not reach the yield stress and the stress of the steel reinforcement is determined as 226 
follows: 227 
  =  (7) 
where fs is the tensile stress and Es is the modulus of elasticity of the steel reinforcements. 228 
On the other hand, in the post yield stage, the steel reinforcement reaches yield such that the 229 
stress is equal to the yield tensile stress (fsy), as follows: 230 
  =  (8) 
4.1.3. GFRP Longitudinal Bars 231 
The GFRP reinforcing bars behave in a linear brittle manner up to failure when loaded in 232 
tension. In this study, the actual stress-strain response of the GFRP bars obtained by tensile 233 
testing illustrates the idealised linear elastic behaviour, as shown in Figure 5.  234 
When loaded in compression, the behaviour of FRP bars is influenced by different modes of 235 
failure including transverse tensile failure, fiber microbuckling, or shear failure [1]. 236 
Therefore, there is no standard axial compression test method for FRP composites. However, 237 
the behaviour of FRP bars in compression needs to be established to allow for the design of 238 
FRP reinforced concrete columns. It has been reported that the compressive strengths of FRP 239 
bars are relatively low compared to the tensile strengths.  In early studies, the compressive 240 
strengths of GFRP bars were reported to be 55% of the tensile strengths, while the 241 
compressive modulus of elasticity were 80% of the tensile modulus of elasticity  [21-23]. 242 
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Chaallal and Benmokrane [24] showed that the compressive strength of GFRP rods were 243 
77% of the tensile strength.  Kobayashi and Fujisaki [25] found that the compressive 244 
strengths of the GFRP bars were 30 to 40% of their tensile strengths. Deitz et al. [26] 245 
reported that the ultimate compressive strength is approximately equal to 50% of the ultimate 246 
tensile strength, whereas there was no difference in the modulus of elasticity in compression 247 
compared to that in tension. These studies indicate the test data of compression testing of 248 
GFRP bars are widely scattered and subjected to significant variations, unlike the tensile 249 
properties. Taking this into account, the compressive properties used in the analytical study 250 
are explained in the sections below. 251 
Considering the linear brittle behaviour of GFRP bars, the tensile stress in each bar can be 252 
calculated using Hooke’s Law, as follows: 253 
 ;< = ;<;< (9) 
where fft is the tensile stress and Eft is the tensile modulus of GFRP longitudinal 254 
reinforcements. 255 
Similarly, the compressive stress in each bar can be calculated using Hooke’s Law, as 256 
follows: 257 
 ; = ;; (10) 
where Efc is the compressive modulus of GFRP longitudinal reinforcements. 258 
4.1.4. GFRP Pultruded Sections 259 
GFRP pultruded sections are orthotropic materials with the fibers laid mainly in the 260 
longitudinal direction. Therefore, these sections are stronger in the longitudinal direction as 261 
compared with the transverse direction. The sections are usually too narrow in the transverse 262 
direction to enable the extraction of standard coupons with dimensions as specified by the test 263 
standards. Therefore, the transverse tensile properties of the pultruded structural sections 264 
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could not be determined. Furthermore, considering the loads on columns are in the 265 
longitudinal direction, only the longitudinal properties will be used in the analytical study.  266 
Similar to GFRP bars the GFRP pultruded sections are linear elastic materials in both tension 267 
and compression. Therefore, the tensile and compressive stresses can be calculated from 268 
Hooke’s Law similar to that of Eqs. (9) and (10), respectively. 269 
4.2. Load Capacity of Concentrically Loaded Column Specimens 270 
4.2.1. Steel Reinforced Specimens (Group RS) 271 
When a column is subjected to a concentric load (e = 0), the column shortens uniformly with 272 
increasing load. The longitudinal strains in the steel reinforcement and concrete are equal at 273 
all stages of loading [27]. ACI 318-14 [27] uses the following equation to represent the axial 274 
load capacity of conventional steel reinforced concrete columns under concentric loading: 275 
  = 0.85(?@ − ?<) + ?< (11) 
where fc is the concrete compressive strength; Ag is the gross sectional area of concrete; Ast is 276 
the total area of longitudinal reinforcement; and fsy is the yield strength of the longitudinal 277 
reinforcement.  278 
For Specimen RS-0, the predicted axial load capacity using Eq. (11) and the concrete strength 279 
at the first day of testing (fc = 31 MPa) is 1394 kN. Therefore, the ratio of the experimental 280 
axial capacity to the predicted value is 0.968. Some possible reasons for the theoretical 281 
capacity being slightly higher than the experimental value may be due to misalignment in the 282 
reinforcement or due to the variation in concrete strength.  283 
4.2.2. GFRP Reinforced Specimens (Group RF) 284 
The current American guide, ACI 440.1R-15 [1] states the contribution of FRP bars should 285 
be neglected when used as reinforcement in columns. Similarly, the Canadian standard, CSA 286 
S806-12 [28] allows the use of FRP bars as longitudinal reinforcement in axially loaded 287 
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columns only, but ignores the compressive contribution of the FRP bars when calculating the 288 
ultimate axial capacity, as shown in Eq. (12).  289 
  = B4?@ − ?;6 (12) 
where B = 0.85 − 0.0015 ≥ 0.67; and Af is the total cross-sectional area of the 290 
longitudinal GFRP bars. 291 
Based on the literature, other equations have been developed to predict the nominal axial 292 
capacity of the GFRP reinforced concrete specimen. Tobbi et al. [29] showed that ignoring 293 
the compressive contribution of the GFRP bars in Eq. (12) underestimates the maximum axial 294 
capacity. Therefore, the compressive contribution of the GFRP bars to the overall column 295 
capacity was taken into account. This was done by considering the GFRP bars compressive 296 
contribution to be 35% of the tensile strength as suggested by Kobayashi and Fujisaki [25], as 297 
shown in Eq. (13).  298 
  = 0.854?@ − ?;6 + 0.35;<D?; (13) 
where fftu is the tensile strength of the longitudinal GFRP bars  299 
Tobbi et al. [30] proposed the most recent equation to calculate the nominal axial capacity, 300 
which also takes into account the compressive contribution of the GFRP longitudinal bars. In 301 
this equation, the compressive contribution of the GFRP longitudinal bars is calculated based 302 
on the elastic theory and from the material properties as shown in Eq. (14).  303 
  = 0.854?@ − ?;6 + ;?; (14) 
where  is the concrete strain at peak stress which is equal to 0.003 as defined by ACI 318-304 
14 [27]; and ; is the modulus of elasticity of the GFRP longitudinal reinforcement.  305 
The ratios of the experimental axial capacity for the concentrically loaded column specimen 306 
reinforced with GFRP bars (Specimen RF-0) as compared to the theoretical values obtained 307 
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from Equations 12, 13 and 14 are shown in Table 3. It should be noted that the cross-308 
sectional area used in the calculations was determined on the GFRP bar’s standard diameter 309 
of 12.7 mm rather than by a value obtained from Immersion testing. Also the concrete 310 
strength at the first day of testing was used in the formulas.  Furthermore, it was assumed that 311 
the compressive modulus was equal to the tension modulus as reported by Deitz et al. [26]. 312 
It can be seen that ignoring the contribution of the GFRP bars in Eq. (12) results in an 313 
underestimation of the maximum capacity of 18.3%. Furthermore, the ratio of the 314 
experimental maximum load to the predicted value using Eq. (13) is below one with a value 315 
of 0.892. This value indicates that this equation over estimates the nominal axial capacity of 316 
Specimen RF-0. On the other hand, Eq. (14) provides an under estimation of the maximum 317 
capacity of 2.6%.  Therefore, Eq. (14) provided the most accurate estimate of the maximum 318 
capacity and will be used in this study for the GFRP reinforced and GFRP encased 319 
specimens.  320 
4.2.3. GFRP Encased Specimens (Group I and C) 321 
In this study, the same formula proposed by Tobbi et al. [30] is used to predict the axial 322 
capacity of the GFRP encased specimens with the assumption that the strain in the GFRP 323 
sections is approximately equal to the concrete ultimate strain, as shown in Eq. (14). The 324 
compressive modulus of elasticity was used in the calculations with the total average values 325 
from the web and flanges of the I-section adopted for those specimens (Global value in Table 326 
1). For the C-sections, compression testing of only the webs was performed and hence the 327 
compression modulus of elasticity of such was adopted in calculating the axial capacity for 328 
Group C specimens. Furthermore, the actual measured dimensions of the cross-sections were 329 
slightly smaller than the nominal dimensions provided by the manufacturer. Therefore, the 330 
measured dimensions were used to determine the cross-sectional areas.  331 
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The ratios of the experimental axial capacity for the concentrically loaded specimen 332 
reinforced with GFRP sections (Specimens I-0 and C-0) as compared to the theoretical values 333 
obtained from Eq. (14) are shown in Table 4. It can be seen that there is a reasonable and 334 
accurate agreement between the experimental and calculated load capacity for these columns, 335 
especially for Specimen C-0. 336 
4.3 Theoretical P-M Interaction Diagrams  337 
An analytical axial load-bending moment (P-M) interaction diagram was plotted to represent 338 
the axial load (P) and corresponding bending moment (M) of each of the specimens. A 339 
number of assumptions consistent with those applicable to steel reinforced cross sections 340 
were used in the analysis to develop the theoretical P-M interaction diagrams of GFRP 341 
reinforced and GFRP encased concrete cross-sections. These assumptions are as follows: 342 
- The distribution of strain is assumed to be linear along the height of the section or in 343 
other words plane sections remain plane after deformation. 344 
- Strain compatibility exists between the constituent materials, i.e. concrete, steel and 345 
GFRP reinforcement and sections, such that  a perfect bond is assumed amongst these 346 
materials 347 
- In tension, concrete is weak and therefore its tensile strength is ignored  348 
- The steel reinforcing bars behave as an elastic-perfectly plastic material in both 349 
tension and compression as shown in Figure 4. 350 
- The GFRP reinforcing bars and GFRP pultruded sections behave as a linear brittle 351 
material with orthotropic properties, as shown in Figure 5. 352 
- For the GFRP pultruded sections, only the flanges in compression and flanges in 353 
tension is assumed to contribute to the compressive and tensile resistance, 354 
respectively. In other words, the compressive and tensile resistance of the web of both 355 
the I-sections and C-sections is neglected. Furthermore, only the longitudinal tensile 356 
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and compressive properties were used in the analysis with the transverse properties 357 
ignored.  358 
- The confinement effect of the lateral steel and GFRP stirrups is ignored. 359 
- The stress-strain model of Yang et al. [19] for unconfined concrete in compression is 360 
adopted as defined in ‘Material Properties and Theoretical Considerations’ above. 361 
- Considering the column specimens are considered as short specimens, the effects of 362 
slenderness was not taken into account when determining the theoretical P-M 363 
interaction relationships. 364 
For calculation of the axial load capacities and moment capacities under eccentric loads and 365 
pure bending, two methods were analysed. The first method is the conventional rectangular 366 
stress block method to construct the interaction diagrams of steel RC columns following the 367 
Australian Standard AS3600 – 2009 [20]. The second method is the small strips concrete 368 
method as described by Yazici and Hadi [31]. What varies in the two methods is the approach 369 
to determining the concrete response in compression.   370 
In the rectangular stress block method, the concrete compressive stresses are assumed to be 371 
uniform along the cross section along a depth of γdn as shown in Figure 6, with the 372 
compressive force in the concrete determined by Eq. (15) for specimens of Group RS and RF. 373 
The rectangular stress block method was not implemented for specimens of Group I and C. 374 
E	 = BFGHIJ     
 
(15) 
where,  is the concrete compressive strength on the first day of testing (31 MPa); dn is the 375 
neutral axis depth from the top of the section; BF = 1.0 − 0.003 within the limits 0.67 ≤376 
BF ≤ 0.85; and H = 1.05 − 0.007 within the limits 0.67 ≤ H ≤ 0.85. 377 
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On the other hand, in the small strips method the concrete cross section is assumed to consist 378 
of small finite parallel strips with a thickness (t) of 1 mm and a width equal to the cross 379 
section width (b) of 210 mm, as shown in Figure 7. The number of strips (n) is equal to the 380 
depth of the cross section of 210 mm divided by the thickness of each strip. Therefore, the 381 
cross section was divided into 210 small strips. Based on the assumption that strain 382 
distribution is linear along the height of the section after bending, the strain in the centre of 383 
each strip (,J) can be calculated, by assuming the extreme concrete compressive fiber has 384 
reached the ultimate compressive strain of 0.003 as shown in Eq. (16).  After calculating the 385 
strain in each concrete strip, the corresponding stress value (,J) on the centre of each strip is 386 
calculated according to the stress-strain model for unconfined concrete explained above. With 387 
the basic assumption that the tensile strength of concrete is ignored in the calculations, the 388 
stresses corresponding to tensile strains (i.e. ,J < 0) are assumed to be zero. After 389 
determining the stresses, the force reaction in the centre of each concrete strip (E,J) is 390 
calculated from Eq. (17) for specimens of Group RS and RF and from Eq. (18) for specimens 391 
of Group I and C. The difference in these two formulas will be explained below. The moment 392 
created by the force on each strip is calculated as the force in each strip multiplied by the 393 
distance to the centreline of the section as shown in Eq. (19). Therefore, the overall response 394 
of the concrete section is calculated as the summation of the forces acting on the strips, as 395 
shown in Eq. (20). In addition, the overall moment response of the concrete section is 396 
calculated as the summation of the moments with respect to the centreline of the section. 397 
,J = 0.003 × IJ − (N − 12)IJ  (16) 
E,J(O&PQRNS	TO	&	TV) = ,J × ?,<WX (17) 
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E,J(O&PQRNS	Y	&	E) = ,J × (?,<WX − ?Z[\],J) (18) 
,J = E,J 92̂ − /N − 120: (19) 
E,F =_E,JF+J`  (20) 
where, n = 1, 2, 3,….., 210
th
  strip starting from the top of the section; Ac.strip is the gross 398 
concrete cross sectional area for each strip (G × a); and AGFRP,n is the area of the GFRP 399 
sections in the n
th
 strip. 400 
In both these methods the same approach is taken to find the stresses and forces in the tensile 401 
and compressive reinforcement. First the strains in the tensile and compressive reinforcement 402 
or flanges of the GFRP sections are calculated using similar triangles with the assumptions of 403 
linear strain distribution and the strain in the extreme concrete compressive fibre has reached 404 
the ultimate compressive strain of 0.003. The tensile strains are considered negative while the 405 
compressive strains are positive. The stress in each layer of reinforcement or flanges of the 406 
sections is then calculated by applying the stress-strain relationships for the constitutive 407 
materials (see Section 4.1). The forces in the reinforcement are calculated as the stresses 408 
multiplied by the area. However, it is important to note that the compressive response of the 409 
concrete using Eq. (15) and Eq. (17) for Specimens RS and RF does not take into account the 410 
existence of the compression reinforcement (top layer of bars) occupied in the concrete 411 
compression zone. Therefore, to take into account the compression reinforcement in the 412 
calculations, the force in the compression reinforcement is calculated using Eq. (21) and (22) 413 
such that if the top layer of bars is within the concrete compression zone, it is necessary to 414 
subtract 0.85fc multiplied by the cross-sectional area of the bars in the top layer from the total 415 
force contribution of those bars. Both Eq. (21) and Eq. (22) are for the rectangular stress 416 
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block method. The same equations exist for the small strips method but the concrete 417 
compression zone occupies a height of dn instead of γdn. Furthermore, for the bottom layer of 418 
reinforcement these equations were not applied and the force in that layer was simply 419 
calculated as the stress in that layer multiplied by the area even if that layer of bars occupied 420 
the concrete compression zone. On the other hand, a slightly different approach was taken for 421 
specimens of Group I and C to take into account the existence of the GFRP sections (AGFRP,c) 422 
occupied in the concrete compression zone for the small strips method. This was done by 423 
subtracting the area of the GFRP sections, including flanges and also the webs, located in 424 
each concrete strip in the compression zone as shown in Eq (18). The forces for either the top 425 
or bottom flanges for Group I and C specimens were simply calculated as the area of the 426 
flanges (shaded regions in Figure 8) multiplied by the stresses in the flanges with positive 427 
force denoting compression and negative force implying tension. As mentioned above, the 428 
force contribution of the webs were neglected. It is important to note that the rectangular 429 
stress block was not used for specimens of Groups I and C as it was quite complex to take 430 
into account the areas of the GFRP sections located in the concrete compression block and 431 
the corresponding lever arms and hence only the small strips method was utilised for these 432 
specimens considering each concrete layer is analysed separately instead of one whole block. 433 
If HIJ < I: E = ? 
 
(21) 
If HIJ > I: E = ? − 0.85? (22) 
where, dco is the distance from the top of the section to the centre of the top layer of 434 
reinforcement; and fc is the concrete compressive cylinder strength at the first day of testing. 435 
Therefore, using the two methods the axial load carrying capacity is equal to the summation 436 
of forces acting on the reinforcement, forces acting on the flanges of the GFRP encased 437 
sections and the forces acting on the concrete compressive section. Similarly, the moment 438 
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carrying capacity is equal to sum of the moments with respect to the centreline of the section 439 
under a given eccentricity. The applied eccentricity is equal to the bending moment capacity 440 
divided by the axial load capacity. 441 
The theoretical load-moment interaction diagrams for each method were drawn based on 442 
twelve data points. The first point represents the axial load capacity of the specimens under 443 
concentric loading with no applied eccentricity. The axial capacity for all the groups of 444 
specimens loaded concentrically were as explained in the above section of ‘Load Capacity of 445 
Concentrically Loaded Column Specimens’. The rest of the points represent the axial load 446 
and bending moment capacity specimens loaded with a combined axial load and bending 447 
moment with the second point expressing the data point of the 25 mm eccentric loaded 448 
specimen. The rest of the data points are obtained with gradually increasing the eccentricity 449 
up until the pure bending condition. The process is as follows. 450 
Using the goal seek function in Excel, the applied eccentricity is set to the required value by 451 
changing only the neutral axis depth value (dn). The eccentricity is calculated as the moment 452 
capacity divided by the load capacity. The goal seek function determines the corresponding 453 
strains, stresses and force components acting in the reinforcement and concrete strips or 454 
blocks and subsequently determines the respective axial and bending moment capacities to 455 
obtain the set chosen value of eccentricity, by only changing the neutral axis depth input. 456 
This process is repeated by varying the eccentricity value to obtain the data points on the 457 
load-moment interaction diagram up until the pure bending condition. As mentioned above, 458 
the compressive strength at the first day of testing was used to develop the theoretical P-M 459 
interaction diagrams. Simply using the 28 day cylinder compressive strength of concrete 460 
would underestimate the theoretical P-M interaction diagrams.  461 
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5.0 Analytical versus Experimental Results 462 
Plotting an experimental P-M diagram based on four points of loading would not accurately 463 
predict the load and bending moment capacities especially when all the loading points are not 464 
identified, most notably the balanced points. Therefore, the first maximum load (Pmax) and 465 
corresponding bending moment capacities (Mexp) of the experimentally tested specimens, as 466 
shown in Table 2, were plotted as points on the theoretical P-M interaction diagrams. 467 
Although the eccentrically loaded GFRP reinforced and GFRP encased specimens were able 468 
to sustain a slight increase in load after Pmax [11], the eventual failure after this second peak 469 
load (Ppeak) was brittle and explosive with no warning signs with failure occurring at or not 470 
long after this load, as shown in Figure 3 [11]. As a result, the analytical axial load-bending 471 
moment diagrams were drawn for the GFRP reinforced and encased specimens 472 
corresponding to the first maximum load (Pmax) before the activation of the confinement 473 
effect of the stirrups and thus just before the onset of concrete spalling. Therefore, the 474 
confinement effect of the lateral steel and GFRP stirrups is ignored and an unconfined 475 
concrete model was adopted in the analysis. 476 
The theoretical P-M interaction diagrams and the experimental results for all the groups of 477 
specimens are shown in Figures 9 – 12. For comparison purposes, the theoretical load and 478 
bending moment capacities for the 25 mm and 50 mm eccentrically loaded specimens were 479 
plotted as circular data points on the P-M diagram, in order to compare the same values 480 
obtained experimentally which were denoted by the square data points. It should be noted 481 
that the results of the GFRP reinforced and GFRP encased beam specimens were not 482 
presented and plotted against the theoretical P-M diagrams as the failure of these beam 483 
specimens prepared were in shear or bearing rather than in flexure and there were 484 
inconsistencies in the testing of these specimens as discussed in Hadi and Youssef [11]. In 485 
addition, the experimental results of the GFRP reinforced beam specimen could not be 486 
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compared to the theoretical models. Further research elaboration is necessary to investigate 487 
the beams by taking into account ACI 440.1R – 15 [1] provides guidelines for the flexure 488 
design of FRP reinforced beams designed to be controlled by either concrete crushing or FRP 489 
rupture. 490 
The experimental load and moment capacities of the steel reinforced specimens (Group RS) 491 
for all loading types were close to the theoretical P-M diagrams for both methods, as shown 492 
in Figure 9. All the experimental data points except for the pure compression point lied above 493 
the P-M diagram using the small strips method. However, for the rectangular stress block P-494 
M diagram, the data point of the 25 mm eccentric loaded specimen was slightly under the P-495 
M interaction diagram, with the theoretical load capacity being 3.9% greater than the 496 
experimental load capacity.  Some possible reasons for the theoretical load capacity of this 497 
data point being slightly higher than the experimental value may be due to either 498 
misalignment in the reinforcement or variation in concrete strength or specimen alignment 499 
errors. Therefore, the P-M diagram developed from the small strips method provided a more 500 
conservative estimate of the load and bending moment capacities as compared to the 501 
rectangular stress block. In general, both the developed theoretical models yielded results that 502 
are comparable to the experimental results for Group RS specimens.  503 
For the GFRP reinforced specimens (Group RF), the effect of the compressive contribution of 504 
the GFRP bars when determining the P-M interaction diagram was investigated. A total of 505 
two theoretical diagrams were drawn with the first including the compressive contribution of 506 
the GFRP bars by assuming the modulus in compression is equal to the modulus in tension 507 
(i.e. Efc = Eft), as shown in Figure 10a, whereas the second ignored the compressive 508 
contribution of the bars (i.e. Efc = 0), as shown in Figure 10b. 509 
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When taking into account the compressive contribution of the GFRP bars the experimental 510 
result of the concentrically loaded and 50 mm eccentrically loaded specimens (RF-0 and RF-511 
50) yielded values above the theoretical P-M diagram using the small strips method with 512 
comparable results, as shown in Figure 10a. However, the data point of the 25 mm 513 
eccentrically loaded specimen fell below the theoretical P-M diagram developed by the small 514 
strips method. Errors in testing may be the reason for the low experimental results. This can 515 
be seen in the load versus axial deformation curves for the four groups of specimens loaded 516 
in 25 mm eccentricity, as shown in Figure 13. The initial slope of the load-displacement 517 
curve of Specimen RF-25 was lower than that of the other specimens. This could be due to 518 
errors in aligning the specimen resulting in load not being applied exactly at 25 mm 519 
eccentricity [11]. Furthermore, the failure location of the internal reinforcement of this 520 
specimen was located at the top of the specimen rather than at mid-height [11]. On the other 521 
hand, the experimental results of the eccentrically loaded specimens yielded values below the 522 
theoretical P-M diagram using the conventional rectangular stress block method. Therefore, 523 
when taking into account the compressive contribution of the GFRP bars, the small strips 524 
method provided a more accurate approximation of the experimental loads and bending 525 
moment capacities for Group RF specimens for the different types of loading as compared to 526 
the conventional rectangular stress block method.  527 
When ignoring the compressive contribution of the GFRP bars, the axial load capacity in 528 
pure compression is decreased as the second part Eq. (14) is reduced to 0 (Efc = 0) providing 529 
a conservative approach for the concentric loading condition. It should be noted that similar 530 
to Specimen RF-25, Specimen RF-50 also failed at the top of the specimen rather than in the 531 
instrumented region as discussed in [11]. Having said this, the 50 mm eccentrically loaded 532 
column shows good agreement with the interaction diagram for this case with the 533 
experimental data point above the theoretical diagram for the two methods. However, the 25 534 
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mm eccentrically loaded column falls below the rectangular stress block method diagram but 535 
shows relatively good agreement with the small strips method, although the experimental 536 
load capacity value is 3.4% lower than that obtained theoretically using the small strips 537 
method.  As mentioned above errors in testing of this column did occur. In general, 538 
considering that the compressive properties of FRP bars has not been extensively understood, 539 
especially when embedded in concrete, it is safer to say that ignoring the compressive 540 
contribution of the GFRP bars and drawing the theoretical P-M diagram based on the small 541 
strips method is the most accurate and safe alternative for the design of such columns at this 542 
stage. Having said this, for the small strips method further consideration of the maximum 543 
stress limited to the concretes stress-strain curve to allow for differences between the cylinder 544 
strength and in-place column specimen strengths, which may vary between 0.85fc to 0.9fc, as 545 
well as each specimen’s strength at the respective day of testing should be taken into account 546 
when drawing the P-M diagrams as explained below with the conclusions slightly varying.  547 
Considering that the theoretical P-M diagrams were drawn based on the concrete compressive 548 
strength at the first day of testing and knowing that the strength of concrete is ever increasing, 549 
a discussion of the effects of this is necessary. The concentric specimens were tested first, 550 
followed by the 25 mm eccentrically loaded specimens than the 50 mm loaded specimens and 551 
lastly the beam specimens. The concrete strength of each specimen tested on each day could 552 
be determined based on a linear trend of the known concrete compressive strength 553 
determined at each day tested. The increase in concrete strength for each specimen tested on a 554 
different day will shift the theoretical P-M diagrams upwards, since the load and bending 555 
moment capacity will increase. Therefore, the relationship between the experimental data 556 
points as a comparison to these revised theoretical P-M diagrams should be taken into 557 
account. In summary with the slight increase in concrete strength for each specimen, it was 558 
realised that although the revised P-M diagrams would be shifted slightly upwards for both 559 
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methods, with the experimental data point of RF-50 now slightly below the P-M diagram for 560 
the small strips method (when Efc=Eft) and rectangular stress block method (when Efc=0), the 561 
same outcomes and conclusions stated above for Group RS and RF specimens were 562 
acceptable. Therefore, the small strips method for predicting the P-M interaction relationship 563 
was a more safe and accurate approach as compared to the rectangular stress block method. 564 
Furthermore, ignoring the compressive contribution of the GFRP bars is also the best method 565 
for those specimens.  566 
Furthermore, it should be noted that the Australian standard AS3600 – 2009 [20] mentions 567 
that if a stress-strain relationship is used for concrete, the maximum stress of the concrete 568 
shall be modified to 0.9fc. In the standard the parameter fc denotes the characteristic 569 
compressive cylinder strength of concrete at 28 days (fc’), but in this study fc will be 570 
represented as the concrete strength at the first day of testing, as mentioned above.  In this 571 
study the maximum stress was limited to 0.85fc as explained in Section 4.1 to take into 572 
account size and shape effects between the cylinders and column specimens. If the maximum 573 
stress is modified to 0.9fc the P-M diagram for the specimens of Group RS and RF developed 574 
using the small strips method will shift upwards to just slightly under the diagram developed 575 
using the rectangular stress block method, as shown in Figure 14. However, in terms of the 576 
Group RF specimens, the experimental data points are more matched or appropriate at this 577 
stage with the level of knowledge on GFRP reinforced columns to the values obtained by the 578 
small strips method using a maximum stress of 0.85fc rather than those obtained by the 579 
rectangular stress block method, as explained above and shown in Figure 10 and Figure 14. 580 
Most notably, when utilising the small strips method with a maximum stress of 0.9fc and 581 
assuming Ec = 0 (Figure 14), the data point of Specimen RF-50 is above the P-M diagram 582 
when using the concrete strength at the first day of testing but when using the concrete 583 
strength at the day of testing the specimen (as explained above), the experimental load 584 
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capacity is just slightly lower than that of the theoretical value whereas the theoretical 585 
moment capacity is similar to the experimental value. Therefore, for the GFRP reinforced 586 
specimens it is recommended to limit the maximum concrete stress to 0.85fc and neglect the 587 
compressive contribution of the bars as a conservative approach for design. Having said this, 588 
further experimental verification of the theoretical P-M diagrams is required for the GFRP 589 
reinforced specimens. 590 
On the other hand, for both the GFRP I-section and C-section encased specimens, the 591 
developed theoretical models using the small strips method utilising a maximum stress of 592 
0.85fc yielded results that were conservative as compared to the experimental results, as 593 
shown in Figures 11 and 12. This may be due to the assumption of using only the flanges of 594 
the sections for the determination of the forces. If the contributions of the webs of these 595 
sections are taken into account, the theoretical load and moment interaction diagram will shift 596 
upwards.  Having said this, considering the limited studies and the orthotropic nature of the 597 
GFRP pultruded material as well as the high dispersion in compressive properties it is safer to 598 
have a higher factor of safety for the members encased with such materials. Further research 599 
is required to fully develop and understand the P-M interaction diagrams of these specimens. 600 
It is interesting to note that although Specimen C-B showed signs of a typical shear failure 601 
and was not plotted in Figure 12, the experimental bending moment capacity of this specimen 602 
was well above the theoretical prediction. In fact, the experimental bending moment of 43.4 603 
kN.m was approximately 46% higher than that obtained by the theoretical approach. 604 
It should be noted that the strains in tension and compression in the GFRP bars and GFRP 605 
sections for all the points along the interaction diagram were checked in terms of the ultimate 606 
strains even when the compressive contribution of the GFRP bars were neglected. No failure 607 
in these bars or flanges of the sections occurred when the strain in concrete reached its 608 
ultimate value of 0.003.  The compressive ultimate strain of the GFRP bars was calculated by 609 
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assuming the compressive modulus was equal to the tension modulus and the compressive 610 
strength was equal to 50% of the tensile strength as reported by Deitz et al. [26]. It should be 611 
noted that as mentioned above in the preliminary testing of the GFRP sections, potential 612 
premature failure may have occurred for these sections when tested in compression due to 613 
local end crushing, local end brooming, or geometric instabilities. This premature failure will 614 
result in a lower rupture strain and compressive strength obtained but will not affect the 615 
compressive modulus, which is determined as the initial slope of the stress and strain curves. 616 
In drawing the P-M interaction diagram, the theoretical strain in compression was checked 617 
against the rupture strain obtained from the compression testing and it was found that at the 618 
first peak load no failure of the flanges of the sections occurred. Further investigation into the 619 
compressive properties of these materials is required before they can be properly used in 620 
design and construction. 621 
As an extension, the strain data obtained from the steel and GFRP reinforcement in 622 
compression and tensile were used to determine the experimental neutral axis for the 623 
specimens loaded in 25 and 50 mm eccentricity, which led to calculating the load and       624 
bending moment capacities. This was done by assuming linear strain distribution and by 625 
calculating the concrete response using the small strips method. Furthermore, only Specimens 626 
RS and RF were investigated since the assumption of neglecting the contribution of the webs 627 
of the GFRP encased specimens would not provide a good comparison with the experimental 628 
values. Table 5 shows the comparison of the capacities by three methods; obtained 629 
experimentally, by the small strips method utilising a maximum concrete stress of 0.85fc and 630 
assuming concrete has reached ultimate strain of 0.003 as explained above and by using the 631 
strain gauge data. Unfortunately, the strain reading of the GFRP bar in compression for 632 
Specimen RF-25 was lost and therefore it was assumed to be equal to the value obtained for 633 
Specimen RS-25 of 0.374%. It can be seen that good correlation in the capacities obtained by 634 
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the three methods was obtained for Specimens RS-50 and RF-50 when assuming the 635 
compressive modulus is equal to zero. However, when assuming the compressive and tensile 636 
moduli are equal for Specimen RF-50, the moment capacity obtained by the strain gauge data 637 
is 4% higher than that obtained experimentally. On the other hand, there was not a good 638 
correlation in the capacities for Specimens RS-25 and RF-25, with the moment capacities 639 
calculated using the strain gauge data much higher than those obtained experimentally, while 640 
the load capacities also varied considerably, as shown in Table 5. This was also the case for 641 
Specimens I-25 and C-25. This would question the accuracy of the strain gauge data for the 642 
tensile reinforcement in the 25 mm eccentrically loaded specimens which may be prone to 643 
sensitivity issues with the bars subjected to small values of compressive and tensile strains 644 
close to the maximum load. Furthermore, as mentioned above only one strain gauge was 645 
placed on the tension and compression longitudinal bars and sections and no average could be 646 
obtained for each value. Also un-warranted premature stressing of the bars from the pouring 647 
of concrete and curing could cause some issues. It should be noted similar conclusions were 648 
drawn when the rectangular stress block method was utilized in conjunction with the strain 649 
gauge data to obtain the capacities when compared with the theoretical values obtained by the 650 
same method along with the experimental values. 651 
6.0 Parametric Study 652 
The analytical model was used to study the effects of two main parameters on the structural 653 
performance of GFRP reinforced square concrete columns in terms of the interaction 654 
diagrams. The parameters studied are: (a) concrete compressive strength (fco), and (b) 655 
longitudinal GFRP reinforcement ratio. Only the small strips method utilising a maximum 656 
stress of 0.85fc was implemented to draw the P-M interaction diagrams in this parametric 657 
study and the compressive contribution of the GFRP bars was neglected. 658 
30 
 
The cross-section dimensions and the material properties of the columns studied were the 659 
same as that used in the experimental testing. The columns were square in cross-section with 660 
a side width of 210 mm. In addition, while the effect of each parameter was investigated, all 661 
other parameters were kept constant. Therefore, default values of each parameter were set 662 
when that parameter was not being used in the study. The following default values were set 663 
for each parameter: the compressive strength of concrete at the first day of testing (fco) was 31 664 
MPa; the longitudinal GFRP reinforcement ratio was 1.15%; and the ratio of the compressive 665 
modulus to the tensile modulus was 0 (Efc = 0). Essentially these values were the same as 666 
those of the experimentally tested specimens. 667 
6.1. Influence of Concrete Strength, fco 668 
Depending on the quality control that is implemented, variations in concrete strengths most 669 
likely occur. Therefore, it is important to study the effects of varying the concrete 670 
compressive strength on the structural behaviour of GFRP reinforced concrete columns. A 671 
total of four concrete strengths were studied as follows: 31, 40, 50 and 60 MPa. The P-M 672 
strength interaction diagram for all the different cases is shown in Figure 15. It should be 673 
noted that the formula for the Young’s modulus of concrete also varies for strengths over 40 674 
MPa. As expected, as the concrete strength increases, so does the load and bending moment 675 
capacities. The strains in the tension and compression bars for all the points along the 676 
interaction diagram were checked in terms of the ultimate strains for each case and no failure 677 
in these bars occurred for all concrete strengths when the strain in concrete reached its 678 
ultimate value. In fact, as the concrete strength increased, the strains in the tensile bars at the 679 
ultimate bending condition (P = 0 kN) increased, but remained below the ultimate value. It 680 
was seen that a tensile strain of 1.4% was obtained at the ultimate bending condition when 681 
the concrete strength at the first day of testing was 60 MPa which is lower than the ultimate 682 
value of 2.41%.  683 
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6.2. Influence of longitudinal GFRP reinforcement ratio 684 
A total of four longitudinal GFRP reinforcement ratios were studied as follows: 1.15, 3, 5 and 685 
7%. The P-M strength interaction diagram for the different reinforcement ratios when 686 
neglecting the compressive contribution of the GFRP bars (Efc = 0) is shown in Figure 16a. It 687 
can be seen that as the reinforcement ratio increases, the axial load capacities for pure 688 
compression decreases slightly because the modulus in compression is reduced to zero and 689 
the second part of Eq. (14) becomes also zero. Furthermore, as the reinforcement ratios 690 
increases, the bending moment capacity at lower levels of load capacity increases. 691 
It is interesting to see the behaviour of the P-M interaction diagram when taking into account 692 
the compressive contribution of the GFRP bars (Efc = Eft) as shown in Figure 16b. Most 693 
notably, to calculate the axial capacity for pure compression the second part of Eq. (14) is 694 
taken into account unlike that when Efc = 0. As a result, for this case as the reinforcement 695 
ratio increases so does the axial capacity for pure compression. On the other hand similar to 696 
Figure 16a, as the reinforcement ratio increases the bending moment capacity at lower levels 697 
of load capacity increases. Therefore, as reported by Choo et al. [3] the P-M interaction 698 
diagrams of GFRP reinforced columns do not experience any balanced points, unlike that of 699 
steel reinforced columns. 700 
Furthermore, for all the cases no failure occurred for the GFRP bars in tension or 701 
compression when the concrete reached the ultimate strain. In fact, as the reinforcement ratio 702 
increased, the strains in the tensile bars at the ultimate bending condition (P = 0 kN) 703 
decreased. 704 
7.0 Conclusions 705 
Based on the experimental results and the analytical analysis of this study it can be concluded 706 
that concrete columns reinforced with GFRP bars and encased with pultruded GFRP sections 707 
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can be potentially analysed using the same procedure used for conventional steel reinforced 708 
concrete columns. The small strips method adopted in this study for predicting the P-M 709 
interaction relationship provided more accurate results as compared to the rectangular stress 710 
block method for the GFRP reinforced specimens. Furthermore, considering that the 711 
compressive properties of FRP bars has not been extensively understood, especially when 712 
embedded in concrete, it is safer to say that ignoring the compressive contribution of the 713 
GFRP bars and drawing the theoretical P-M diagram based on the small strips method is the 714 
most accurate and safe alternative for the design of such columns at this stage. Further 715 
experimental verification of the theoretical P-M diagrams is required for the GFRP reinforced 716 
specimens considering the limited number of specimens in this study, the value of the 717 
maximum stress on the stress-strain diagram for concrete (varies between 0.85fc to 0.90fc) 718 
and the strength of each specimen on the respective day of testing. 719 
In terms of the GFRP encased specimens, the small strips method provided satisfactory and 720 
conservative estimates of the maximum load and bending moment capacities. It was found 721 
that the most accurate estimate of the maximum axial capacity for the GFRP reinforced 722 
specimen under concentric loading was achieved when taking into account the compressive 723 
contribution of the GFRP bars based on the elastic theory and assuming the strain in the bars 724 
is equal to the concretes ultimate compressive strain. Furthermore, in terms of the GFRP 725 
pultruded sections, a high dispersion in the compressive properties of these types of materials 726 
will require better testing procedures to prevent premature failures, better quality control at 727 
the manufacturing level, and further investigation into the compressive properties of these 728 
materials before they can be properly used in design and construction. In addition, the 729 
experimental results of the GFRP reinforced and GFRP encased beam specimens could not 730 
be compared to the theoretical models and further research elaboration is necessary to 731 
investigate this along with the P-M diagrams of GFRP encased specimens. 732 
33 
 
Based on the parametric study, the load and bending moment capacities increase with the 733 
increase in concrete strength. Furthermore, the interaction diagrams of GFRP reinforced 734 
columns do not experience balanced points unlike that of steel reinforced columns. This study 735 
is believed to give an understanding on the behaviour of GFRP reinforced and GFRP encased 736 
concrete columns subjected to various loading conditions.  737 
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Table 1. Tensile and compressive properties of the GFRP pultruded structural sections 862 










386.5 ± 17.4 430.2 ± 32.7 405.9 ± 32.91 318.1 ± 31.8 
Tensile Modulus (GPa) 20.7 ± 0.7 26.0 ± 2.2 23.4 ± 3.2 27.1 ± 2.1 
Tensile Rupture Strain (%) 1.89 ± 0.12 1.70 ± 0.23 1.80 ± 0.19 1.22 ± 0.10 
     
Compressive Strength (MPa) 201.3 ± 28.9  221.4 ± 34.3 211.6 ± 32.9  275.4 ± 74.1 
Compressive Modulus (GPa) 21.6 ± 2.3 22.4 ± 2.3  22.0 ± 2.3 25.6 ± 2.7 
Compressive Rupture Strain (%) 0.88 ± 0.11 0.91 ± 0.14 0.90 ± 0.12 0.96 ± 0.14 
a 
The average results of all the coupons extracted from the flange and web of the I-section 864 
  865 
42 
 



















1350 2.87 0 0 
RS-25
 
995 2.72 2.11 27.0 
RS-50 747 2.65 2.66 39.3 







1285 2.59 0 0 
RF-25
 
803 3.00 2.21 21.9 








I-0 1425 3.13 0 0 
I-25 1008 2.51 2.05 27.3 








C-0 1385 3.24 0 0 
C-25 985 2.86 2.96 27.5 
C-50 679 3.04 3.69 36.4 






 The shear zones of only this specimen were wrapped with two layers of CFRP sheets. 867 
b
 Failed prematurely by bearing. Data point could not be used on the P-M interaction diagram  868 
c 
Midspan deflection of the beam specimens 869 
d 




Table 3. Experimental and theoretical axial capacity of Specimen RF-0 872 
Experimental maximum 
axial load  
Pmax (kN) 
Theoretical, Po (kN) 

  
Eq. (12) Eq. (13) Eq. (14) Eq. (12) Eq. (13) Eq. (14) 
1285 1086 1440 1252 1.183 0.892 1.026 
  873 
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Table 4. Experimental and theoretical axial capacity of Specimen I-0 and C-0 874 
Specimen 
Experimental 








I-0 1425 1324 1.076 
C-0 1385 1365 1.015 
 875 
  876 
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Table 5. Comparison of load and bending moment capacities for eccentrically loaded 877 
specimens reinforced with bars 878 
Specimen 
Experimental 
Theory – Small 
strips  methoda 
Theory –  
Strain gauge datab 
P (kN) M (kN.m) P (kN) M (kN.m) P (kN) M (kN.m) e (mm) 
RS-25 995 27.0 980 24.5 887 31.1 35.1 
RS-50 747 39.3 705 35.3 717 37.8 52.7 
RF-25 (Ec = Et) 803 21.9 884 22.1 713 31.9 44.7 
RF-50 (Ec = Et) 615 32.3 625 31.3 624 33.6 53.9 
RF-25 (Ec = 0) 803 21.9 831 20.8 656 27.9 42.6 
RF-50 (Ec = 0) 615 32.3 586 29.3 570 30.0 52.6 
a
 Calculated by assuming concrete has reached ultimate compressive strain of 0.003 (refer to 879 
Section 4.3) 880 
b
 Calculated from the experimental strain gauge data and calculating the concrete response 881 


















Fig. 1. Plan view of reinforcement details for all groups of specimens 
 

















Fig. 3. Axial load-displacement relationships of column specimens with varying load eccentricities:  



























































































Fig. 4. Stress-Strain Relationships of N12 longitudinal steel bar: 











































Fig. 6. Rectangular stress block method and force distribution of reinforcement for Group RS and RF specimens 
 
  
Fig. 7. Small strips method to determine the concrete compressive response 
  
Fig. 8. Force distribution of specimens of Group I and C 
 
 



























































































Fig. 10.  Comparison of theoretical P-M diagrams and experimental results for Group RS specimens: 
(a) Compressive contribution of GFRP bars included (Efc = Eft); and (b) Compressive contribution of 
GFRP bars ignored (Efc = 0) 
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Bending Moment (kN.m) 
Rectangular Stress Block
Small Strips-0.9fc
Small Strips - 0.85fc
Experimental
Fig. 14. Theoretical P-M diagrams of Group RF specimens when varying the maximum stress of 
concrete from 0.85fc to 0.9fc and assuming Efc = 0 
 






































Fig. 16. Influence of longitudinal GFRP reinforcement ratio on P-M interaction diagrams: 
(a) Compressive contribution of GFRP bars ignored (Efc = 0); and (b) Compressive 
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